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A waveguide (4) includes two frequency selective surfaces (5) mounted within the waveguide parallel to its side walls (6). 
The frequency selective surfaces (5) influence the frequency response of the waveguide (4). 
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ft yavgcmlde a nri an antpnna including 
a fre quency selective surface. 

The present invention relates to a waveguide 
including a frequency selective surface and an antenna 
5 including a frequency selective surface. More specifi- 
cally, the invention relates to a tuneable multiband/ 
broadband wave guiding system and aperture antenna. 

Waveguides and antennas for electromagnetic radia- 
tion are generally designed to operate at one specific 

10 frequency or within a narrow frequency band. The aim of 
the present invention is to provide a waveguide and an 
antenna that have broad or multiple operating frequency 
bands. It is a further aim of the invention to provide a 
waveguide and an antenna that are tuneable to operate at 

15 different frequencies. 

According to the present invention, there is 
provided a waveguide including a frequency selective 
surface, the frequency selective surface being arranged 
to influence the frequency response of the waveguide. 

20 A frequency selective surface (FSS) is an array of 

antenna elements that acts as a passive electromagnetic 
filter. The surface may comprise an array of electrical- 
ly conductive elements on a dielectric substrate or, 
alternatively, a plurality of apertures in a conductive 

25 surface. Electromagnetic waves incident on a surface 
comprising an array of conductive elements are reflected 
from the surface only in a narrow band of frequencies and 
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are transmitted at other frequencies. With an array of 
apertures, electromagnetic waves are transmitted only in 
a narrow band of frequencies. Such surfaces are used as 
multiplexers or radomes in communications systems and 
5 can operate at microwave frequencies, including ram-waves, 
up to infrared and optical frequencies. 

At least one frequency selective surface may be 
mounted within the waveguide, to divide the waveguide 
longitudinally into two or more parts. Preferably, the 

10 frequency selective surface is parallel to a side wall 
thereof. Mounting a frequency selective surface within a 
waveguide allows the effective dimensions of the 
waveguide to vary with the operating frequency, thereby 
providing broad or multiple operating frequency bands. 

15 Alternatively, the frequency selective surface may 

be provided over an open end of the waveguide. 

The present invention further provides an antenna 
for microwave radiation, comprising a outer horn and an 
inner horn, wherein at least the inner horn includes a 

20 frequency selective surface. The outer horn or horns may 
also comprise frequency selective surfaces. 

The frequency selective surface may be either 
reconfigurable of non-reconf igurable. Non-reconf igurable 
frequency selective surfaces are designed to operate in a 

25 particular frequency range, which is determined by the 
size and the arrangement of the antenna elements and the 
size of the array. The operating frequency of a non- 
reconf igurable frequency selective surface cannot be 
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changed. 

A reconf igurable fr quency selective surface 
comprises at least two arrays of elements, the arrays 
being arranged in close proximity with one another so 
5 that elements of a first array are closely coupled with 
elements of a second array adjacent to the first array. 
The first array is displaceable with respect to the 
second array to adjust the frequency response of the 
surface. 

10 The first and second arrays may be substantially 

parallel with one another. 

The array elements may be conductive elements on a 
dielectric substrate, or apertures in a conductive 
substrate, or a combination of the above. 

15 The first and second arrays may have a separation of 

no more than 0.03 wavelengths, and preferably no more 
than 0.003 wavelengths of the electromagnetic waves 
having the resonant frequency of the surface. For 
example, when microwaves of frequency 30GHz are to be 

20 reflected, the separation is advantageously no more than 
0.225mm and preferably no more than 0.025mm. 

The f irst array may be displaceable relative to the 
second array in a direction parallel to the surfaces of 
the arrays. Alternatively, the frequency selective 

25 surface may be reconfigured by rotating the first array 
with respect to the second array, or by altering the 
distance and/or the medium separating the first array 
from the second array. Using that configuration, there 
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is no limit to the distance separating the arrays. 

The array elements may be parallel linear dipoles, 
and the at least one array may be displaceable in the 
longitudinal direction of the linear dipoles. 

5 Embodiments of the invention will now be described, 

by way of example, with reference to the accompanying 
drawings, of which: 

Figure 1 is a perspective view of a reconf igurable 
frequency selective surface; 
10 Figure 2 is a cross-section through the surface? 

Figure 3 is a diagrammatic view of a part of the surface; 
Figure 4 shows the frequency response of a frequency 
selective surface; 

Figure 5 shows the variation of the frequency response as 
15 the surface is reconfigured; 

Figure 6 shows a waveguide including a frequency selec- 
tive surface; 

Figure 7 shows a prototype waveguide, used for testing 
its transmission response; 
20 Figures 8 and 9 show the transmission response of the 
prototype waveguide, and 

Figures 9 and 10 show two forms of horn antenna employing 
frequency selective surfaces. 

As shown in figure 6, the waveguide 4 has a rectan- 
25 gular cross-section and includes upper and lower walls 7, 



WO 94/00892 



- 5 - 



PCT/GB92/01173 



8 and two side walls 6. Two frequency selective surfaces 
5 are mounted parallel to its two side walls 6. The 
frequency selective surfaces 5 divide the waveguide lon- 
gitudinally into two portions, an inner portion being 
5 defined by the upper and lower walls 7, 8 and the 
frequency selective surfaces 5, and an outer portion 
being defined by the upper and lower walls 7, 8 and the 

side walls 6. 

The frequency selective surfaces 5 are arranged to 

10 transmit at low frequencies and to reflect at higher 
frequencies. The surfaces 5 are then invisible to the 
electromagnetic waves in the lower frequency band, and 
the effective internal dimensions of the waveguide 4 are 
defined by the side walls 6 and the upper and lower 

15 walls 7, 8 of the waveguide 4. At higher frequencies, 
the frequency selective surfaces 5 will reflect the 
electromagnetic waves, and the effective internal 
dimensions of the waveguide 4 will then be defined by the 
frequency selective surfaces 5 and the upper and lower 

20 walls 7, 8 of the waveguide. The effective dimensions of 
the waveguide are therefore different for different 
frequencies of transmitted electromagnetic wave, so 
increasing the operating frequency range of the 
waveguide. 

25 The operating frequency range of the waveguide is 

defined at its lower end by the cut-off frequency in the 
outer waveguide of the dominant TE 1Q propagation mode, 
and at its upper end by the upper limit of the band-stop 
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range (i.e. the reflection band) of the frequency 
selective surface. 

Since electromagnetic waves at the upper end of the 
operating frequency range are reflected by the frequency 
5 selective surfaces and confined within the inner 

waveguide, the higher order modes of the outer waveguide 
are effectively suppressed. The waveguide therefore 
permits monomode propagation at the TE 1Q mode over a wide 
frequency range. 

10 If the reflection coefficient of the frequency 

selective surfaces is -1 (the ideal value), the group and 
phase velocities of the high frequency signal in the 
inner waveguide and the low frequency signal in the outer 
waveguide will be the same. In practice, although this 

15 is approximately true at the centre of the range of 
operating frequencies, the phase and amplitude of the 
signals will deviate at other frequencies. This causes 
the apparent positions of the frequency selective 
surfaces to vary with frequency. By providing double- or 

20 multi-layer frequency selective surfaces, the apparent 

positions of the frequency selective surfaces may be made 
to move inwards with increasing frequency, thereby 
providing a non-dispersive waveguide of even greater 
bandwidth. 

25 By using reconf igurable frequency selective sur- 

faces, which are described below with reference to 
figures 1 to 5, the operating frequency of the waveguide 
nay be controlled electronically. The frequency selec- 
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tive surfaces, which may be fixed or reconf igurable and 
either single or multilayer structures, can be used to 
provide a number of waveguide devices, such as filters, 
polarisers or phase shifters. The surfaces may be 
5 positioned at any location within a waveguide. The 
reconf igurable frequency selective surfaces may be 
electronically tuned, the speed of the tuning and the 
performance of each application being governed by the 
array design and the process of attaining the recon- 

10 f igurable frequency selective surface effect. 

Figs. 8 and 9 show the results of experimental 
tests on the waveguides, which demonstrate the principles 
of operation of the waveguide. The results were obtained 
using the prototype waveguide shown in Fig. 7, which 

15 consists of a standard X-band waveguide from which the 
narrow side walls have been removed. The waveguide 
comprises broad upper and lower conducting walls 9, 10 
having on their inner faces several longitudinal slots 11 
into which frequency selective surfaces can be inserted. 

20 The transmission response of the prototype in the X 

band (8-12.4 GHz ) is shown in Fig. 8. When operated 
without any inserts, the prototype exhibits a moderately 
lossy transmission band from the cut-off frequency up to 
about 16GHz. Placing radar-absorbing material (RAM) 

25 along the lengths of the open sides of the waveguide 
increases insertion loss dramatically in the X-band, 
showing that fringing fields exist outside the waveguide 
when operated in this mode. When frequency selective 
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surfaces are placed in the outer slots of the waveguide 
(giving it the same transverse cross-section as the X- 
band waveguide, improved transmission is provided over 
the 14 to 16 GHz range, which corresponds to the reflec- 
5 tion band of the frequency selective surfaces. Introduc- 
ing the RAM with the frequency selective surfaces in 
place produces little disturbance to this high frequency 
band whilst the lower frequencies are attenuated by more 
than 50 dB. The frequency selective surfaces therefore 

10 clearly contain waves in the higher frequency range. The 
nulls seen at about 14.5 and 16.6 GHz are believed to be 
due to higher order modes caused by the poor performance 
of the transitions at this frequency. 

Fig. 9 shows the results of a similar set of 

15 measurements carried out with J-band (12.4-18 GHz) 

transitions attached to each end of the test prototype. 
The separation of the frequency selective surfaces was 
equal to the width dimension of a standard J-band 
waveguide. The guiding effect of the frequency selective 

20 surfaces is again displayed. The design of an integrated 
transition incorporating frequency selective surfaces 
enables tuneable broadband waveguide designs to be 
operated with a single co-axial feed at all frequencies. 
The null observed near to 13GHz is due to a filtering 

25 effect caused by the frequency selective surface elements 
and the varying positions of the electrical walls. A 
reconfigurable frequency selective surface would enable a 
band-stop or a band-pass filtering response to be tuned. 
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As shown in Fig. 9, similar results to those 
produced in the frequency selective surface/open wall 
case were produced when frequency selective surfaces were 
inserted into a standard X-band waveguide. The close 
5 proximity of the copper wall of the waveguide to the 
frequency selective surfaces does not significantly 
modify their guiding effect. The figure also shows the 
calculated reflection coefficient amplitude for a single 
layer large array of tripoles over the range 13 to 18 

10 GHz . The array used in the waveguide was a single line 
of tripole elements. The reflection band of the large 
frequency selective surface is broadly similar to the 
enhanced transmission range measured in the test 
prototype. The frequency selective surface reflection 

15 coefficients were calculated using a Floquet mode 

analysis, assuming that the finite line array of tripoles 
behaves as an infinite rectangular lattice array with 
vertical periodicity equal to the waveguide height. The 
calculations also assumed a nominal incidence angle of 

20 30° from normal (a reasonable approximation to the 

varying angles of incidence in the waveguide) , to account 
for the oblique nature of the plane waves which may be 
used to describe the fields in the waveguide for the TE 1Q 
mode. 

25 A broadband/multiband antenna, which operates 

according to the same principles as the waveguide 
described above, is shown in Figs. 10 and 11. Fig. 10 
shows a broadband pyramidal horn antenna having an outer 
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horn 12 of conducting material and an inner horn 13, 
formed of fixed or reconf igurable frequency selective 
surfaces. The frequency selective surfaces are invisible 
to electromagnetic signals of low frequency, which 
5 therefore occupy the outer horn, whereas signals of 

higher frequency are confined within the inner horn. The 
effective dimensions of the antenna therefore vary with 
the operating frequency, allowing it to operate over a 
wide frequency range. 
10 Fig. 11 shows an alternative antenna comprising two 

co-axial cones 14, 15, both consisting of fixed or 
reconf igurable frequency selective surfaces. The antenna 
can be tuned to a specific frequency band for improved 
performance and for matching to a waveguide of the type 
15 described above. The walls of the outer cone 14 could be 
replaced by conducting walls if band tuning and/or 
antenna matching is not required. If desired, the 
antenna may include more than two cones. 

As shown in figure 1, a reconf igurable frequency 
20 selective surface consists of two parallel arrays 1, 2 of 
elements 3. The array elements 3 may be either electri- 
cally conductive elements, such as dipoles, printed on a 
dielectric substrate, or apertures, such as slots, formed 
in a conductive surface (Babinet's compliment of the 
25 former) . A non-reconf igurable frequency selective 

surface consists simply of just one of the arrays 1, 2 
shown in figure 1. 

The two arrays 1,2 are arranged in close proximity 
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with one another, so that the elements 3 of the first 
array 1 are closely coupl d with the elements of the 
second array 2. The separation S of the arrays is as 
small as possible, whilst ensuring that the elements of 
5 the first array 1 are electrically insulated from the 
elements of the second array 2, and will generally be of 
the order of 0.03 wavelengths or less, although this will 
depend on the particular array design, and the dielectric 
constant of the substrate. 

10 The second array 2 is displaceable relative to the 

first array 1 by a small distance DS. In the embodiment 
shown in figure 1, the second array 2 can be displaced 
transversely, parallel to the surfaces of the arrays, in 
the direction of the Y-axis. Other types of displacement 

15 are, however, possible: for example, the second array 2 
could be displaced in the direction of the X-axis or the 
Z-axis (thereby altering the distance S separating the 
two arrays) or it could be rotated about the Z-axis, or 
displaced in any combination of those directions. 

20 When the arrays 1,2 are aligned accurately with one 

another (so that DS=0), the elements 3 of the first array 
1 lie directly over the elements of the second array 2, 
thereby shadowing the second array 2 from the incident 
electromagnetic waves. The frequency response of the 

25 surface is then similar to that of a single array which, 
as shown in figure 4, includes a narrow reflection band 
and upper and lower transmission bands. The letters f R 
denote the reflection band centre frequency, which 
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corresponds to the resonant frequency of the surface, and 
the letters f T denote th frequency of the lower 
transmission band. The frequencies f R and f T of the 
reflection and transmission bands are determined by the 
5 length of the antenna elements 3 and the size of the 
array . 

As shown in figures 2 and 3, the first array 1 has a 
plurality of elements 3 of length LI, and the second 
array 2 has a plurality of elements of length L2. The 

10 separation D1,D2 and the arrangement of the elements in 
each of the arrays is similar, so that when DS=0 the 
elements of the second array 2 lie in the shadows of the 
elements of the first array 1. 

When, as shown in figure 2, the second array 2 is 

15 displaced transversely in the direction Y by a distance 
DS, the ends of the elements 3 of the second array 2 then 
extend by a small distance DL beyond the ends of the 
elements of the first array 1. Since the elements of the 
two arrays are closely coupled, this produces an increase 

20 in the overall effective length of each element, which 
affects the frequency response of the surface. As shown 
in figure 5, the reflection frequency f R of the surface 
is shifted by an amount that is approximately 
proportional to the displacement DS. The frequency 

25 response of the surface can similarly be translated by 
displacing the second array 2 in the X or Z directions, 
by rotating it about the Z-axis, or by any combination of 
those movements. 
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An example of the results that can be achieved with 
a particular reconf igurable frequency selective surface 
will now be described. The particular frequency 
selective surface consists of two arrays 1,2 of linear 
5 dipoles 3, printed in a square lattice on a 0.037mm thick 
dielectric substrate of dielectric constant 3. The 
geometry of the lattice unit cell is shown in figure 3, 
wherein L represents the length of the antenna element, 
W the element's width, and D the side length of the unit 

10 cell (equal to the separation of adjacent antenna 

elements). In the first array 1, L=4.3mm, W=0.4mm and 
D=6mm. In the second array 2, L=3.25mm, W=0.4mm and 
D=6mm. Each array is square, having sides of length 
20cm, and the separation S between the arrays is about 

15 0.225mm. 

The measured and theoretical response of the surface 
to microwaves of frequency 12-40GHZ at both normal 
incidence and a TE incidence of 45°, with the electric 
field parallel to the dipoles, is shown in figure 5- By 

20 comparison, the variation in the frequency response of a 
single array with increasing dipole length is shown as a 
solid line at the top of the graph. 

When the two arrays are substantially aligned, with 
DS in the range 0 to 0.625mm, the frequency response of 

25 the surface is similar to that of a single array having 
the dimensions and lattice arrangement of the first array 
1. Resonance takes place at frequencies of about 31GHz 
and 27GHz for normal and TE:45° states of incidence 
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respectively. A frequency shift takes place as the 
transverse displacement DS of the second array 2 is 
increased, maximum measured frequency shifts of 36% and 
22% for normal and TE:45° states of incidence 
5 respectively being achieved at a displacement of DS=3mm. 
At that displacement, the elements 3 of the second array 
2 completely fill the gaps between the elements of the 
first array 1, and so a further increase in the 
displacement DS has no further effect on the frequency 

10 response of the surface. 

Reducing the separation S of the arrays, thereby 
increasing the coupling between the elements, allows 
greater frequency shifts to be achieved. For example, 
with a separation of 0.025mm, frequency shifts of up to 

15 60% can theoretically be obtained. The theoretical 
frequency shift at a separation S of 0.025mm is also 
shown in figure 5. There is no deterioration in the band 
widths or band spacing ratio (f R /f T ) of the surface as 
the displacement increases and the response of the 

20 surface is therefore stable throughout the frequency 
range . 

Various modifications of the apparatus described 
above are, of course, possible. Many different array 
geometries could be used and each array may consist 
25 either of a plurality of conductors on a dielectric 
substrate, or a perforated plate, or a combination of 
both. The antenna el ments may be dipoles, cross- 
dipoles, tripoles, Jerusalem crosses, squares, open-ended 
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loops or any other type of antenna element. The elements 
need not necessarily be arranged periodically and the 
arrays may be planar or curved. The frequency selective 
surface may further consist of two or more closely- 
5 coupled arrays of elements, and the respective arrays may 
either be displaced in a direction parallel to the 
surfaces of the arrays, or rotated or their separation 
altered, or the medium separating the arrays may be 
adjusted (for example, by adjusting its dielectric 

10 constant). 

The relative displacement of the two arrays may be 
controlled in various different ways. For example, 
piezoelectric actuators can be used to control the 
precise relative movement of the arrays, and the arrays 

15 can be printed directly onto the piezoelectric material. 
The frequency selective surface may have piezoelectric 
actuators positioned at some sub-areas of its surface, 
i.e. not everywhere on its surface. Alternatively, the 
arrays can be mounted at a small separation and air 

20 pumped from the gap between the arrays to alter their 
separation . 
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Claims: 

1. A waveguide including a frequency selective surface, 
the frequency selective surface being arranged to 
influence the frequency response of the waveguide. 

5 2. A waveguide according to claim 1, in which at least 
one frequency selective surface is mounted within the 
waveguide to divide the waveguide longitudinally into two 
or more parts. 

3. A waveguide according to claim 2, in which the 

10 frequency selective surface is parallel to a wall of the 
waveguide . 

4. A waveguide according to claim 3, in which two 
frequency selective surfaces are mounted within the 
waveguide, parallel to the side walls thereof. 

15 5. A waveguide according to any one of the preceding 
claims, in which the frequency selective surface is a 
reconf igurable frequency selective surface. 

6. A waveguide according to claim 5, in which the 
reconf igurable frequency selective surface comprises at 
20 least two arrays of elements, the arrays being arranged 
in close proximity with one another so that elements of a 
first array are closely coupled with elements of a second 
array adjacent to the first array, the first array being 
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displaceable with respect to the second array to adjust 
the frequency response of the surface. 

7. An antenna for microwave radiation, comprising a 
outer horn and an inner horn, wherein the inner horn 

5 includes a frequency selective surface. 

8. An antenna according to claim 7, in which the outer 
horn includes a frequency selective surface. 

9. An antenna according to claim 7 or claim 8, in which 
the inner and outer horns are coaxial. 

10. An antenna according to any one of claims 7 to 9, 
in which the horns have a rectangular transverse cross- 
section. 

11. An antenna according to any one of claims 7 to 9, 
in which the horns have a circular transverse cross- 
section . 

12. An antenna according to any one of claims 7 to 11, 
in which at least one frequency selective surface is a 
reconfigurable frequency selective surface. 



10 



15 



20 



13. A waveguide according to claim 1, in which a 
frequency selective surface is provided over an open end 
of the waveguide. 




SUBSTITUTE SHEET 



WO 94/00892 



2/9 



PCT/GB92/01173 




SUBSTITUTE SHEET 



WO 94/00892 



3/9 



PCT/GB92/0I173 




SUBSTITUTE SHEET 



WO 94/00892 



0 



PCT/CB92/01173 



% 1JIHS X3N3f)D3d3 




% 13IHS AJN3HD3&3 



SUBSTITUTE SHEET 



WO 94/00892 



PCT/GB92/01173 




WO 94/00892 



6/9 



PCT/GB92/01173 




a 



C> LA 
CSj C\| 

■ I I 



I 



si? 



5: 

to 



2 



15 

8 



8P 'US 



SUBSTITUTE SHEET 



WO 94/00892 



7/9 



PCT/GB92/01173 



9P '1N3DIJJ303 N0U33V3U 




On 



io 

5 J* *o 
^ u» u. 



2^ 



1 

i 



O ■ D ♦ 



gp 'izs 



SUBSTITUTE SHEET 



WO 94/00892 



8/9 



PCT/GB92/01173 




SUBSTITUTE SHEET 



WO 94/00892 



9/9 



PCI7GB92/01173 




SUBSTITUTE SHEET 



INTERNATIONAL SEARCH REPORT 

PCT/GB 92/01173 

International Application No 



i. CLASSIFICATION OF SUBJECT MATTER (if several classification symbols apply, indicate all) 6 


According to International Patent Classification (IPC) or to both National Classification and IPC 

Int. CI. 5 H01Q15/00; H01Q13/02; H01P3/12 


II. FIELDS SEARCHED 


Minimum Documentation Searched 7 


Classification System 


Classification Symbols 


Int.Cl 


. 5 


H01Q ; H01P 


Documentation Searched other than Minimum Documentation 
to the Extent that such Documents are Included in the Fields Searched" 




IU. DOCUMENTS CONSIDERED TO BE RELEVANT 9 


Category 0 


Citation of Document, 11 with indication, where appropriate, of the relevant passages « 


Relevant to Claim No. 13 


X 


US, A, 3 633 206 (MCMILLAN) 
4 January 1972 

see column 3, line 1 - line 46 

see column 10, line 8 - line 54; figures 

1.3A.B 


1,13 


X 


PATENT ABSTRACTS OF JAPAN 

vol. 014, no. 584 (E-1018)27 December 

1990 

& JP.A.22 54 801 ( MIYATA YOSHIHIDE ) 
see abstract 


7 


A 


US,A,4 028 650 (K0NISHI ET AL.) 
7 June 1977 

see claims 1-5; figures 1-17 




1-6 












0 Special categories of cited documents : 10 

*A* document defining the general state of the art which is not 

considered to be of particular relevance 
*E* earlier document but published on or after the international 

filing date 

"V document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or 
other means 

"P* document published prior to the international filing date but 
later than the priority date claimed 


*T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X* document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step 

"Y" document of particular relevance; the claimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

"&* document member of the same patent family 


IV. CERTIFICATION 


Date of the Actual Completion of the International Search 

26 FEBRUARY 1993 


Date of Mailing of this International Search Report 

0 5. U3. S3 


International Searching Authority 

EUROPEAN PATENT OFFICE 


Signature of Authorized Officer 

ANGRABEIT F.F.K. 



Form PCT/ISA/2lOiuca«l thed) (January 19821 



PCT/^B 92/01173 

International Application No 



III. DOCUMENTS CONSIDERED TO BE RELEVANT (CONTINUED FROM THE SECOND SHEET) 




Category ° 


Citation of Document, with indication, where appropriate, of the relevant passages 


Relevant to Claim No. 




A 


GB,A,600 433 (BOOKER) 
8 Apri 1 1948 

see page 1, left column, line 21 - right 
column, line 87; figures 1-6 


7-13 


> 


A 


US, A, 3 028 565 (WALKER ET AL.) 
3 April 1962 

see claims 1,2; figure 2 


1-4 




A 


EP,A,0 468 623 (BRITISH AEROSPACE) 
29 January 1992 
see abstract 

see column 4, line 19 - line 39 

see column 5, line 4 - line 18; figures 

1,2 


1,5,7,12 




E 


GB,A,2 253 519 (LOUGHBOROUGH UNIVERSITY OF 

TECHNOLOGIE) 

9 September 1992 

see the whole document 


1-13 1 


\ 

r 



Form PCT/ISA/ZIO (extra ikeet) (January IttS) 



ANNEX TO THE INTERNATIONAL SEARCH REPORT 
ON INTERNATIONAL PATENT APPLICATION NO. 



GB 
SA 



9201173 
61615 



This annex lists the patent family members relating to the patent documents cited in the above-mentioned international search report. 
The members are as contained in the European Patent Office EDP file on 

The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information. tu/Ut/Sj 



Patent document 
cited in search report 



Publication 
date 



Patent family 
members) 



Publication 



US-A-3633206 
US-A-4028650 



04-01-72 
07-06-77 



None 



JP-C- 

JP-A- 

JP-B- 

AU-A- 

CA-A- 

DE-A.B 

FR-A.B 

GB-A- 

NL-A- 

US-A- 



1189354 


13- 


■02- 


-84 


49010648 


30- 


•01- 


-74 


58003401 


21- 


-01- 


-83 


5597073 


28- 


-11- 


-74 


977049 


28- 


-10- 


-75 


2326331 


29- 


•11- 


-73 


2185866 


04- 


-01- 


-74 


1438149 


03- 


■06- 


-76 


7307150 


27- 


■11- 


-73 


3914713 


21-10- 


-75 



GB-A-600433 




None 


US-A-3028565 




None 


EP-A-0468623 


29-01-92 


None 


GB-A-2253519 


09-09-92 


None 



u For more details about this annex : see Official Journal of the European Patent Office, No. 12/82 



the velocity of light in free space and x 01 is a constant whose 
value depends on the ratio bja only if the value of e, is quite 
high [4] > ~ 20). The bandwidth of the antenna, which is 
inversely proportional to the radiation Q-factor of the mode, 
also depends on the parameters c p , d/a and bfa. However, its 
computation is quite complicated 

Experimental results: A dielectric ring resonator with param- 
eters e> - 36-2, 2a « 11-95 mm, d =* 5-4 mm and bfa « 0-17 
was chosen for experiments. For the chosen value of b/a, the 
value of x ox was found to be 4-24 [4]. Substituting the value 
of x 01 and the other parameters in eqn. 1, the frequency of 
resonance is found to be 6*09 GHz. The return loss of the 
antenna fed by a probe of length 5-0 mm is shown in Fig. 2. It 
is seen that the frequency for which the return loss is 
minimum is very close to the theoretically computed fre- 
quency of resonance. The 10 dB bandwidth of the antenna is 
-5%. It was found that the impedance bandwidth of the 
antenna was quite insensitive to the length of the probe which 
was varied from 3 to 8 mm. 




5.0 6.8 
frequency. GHz 

Flf . 1 Measured return loss of antenna shown in Fig. la 
^ - 36-2, 2a » U-95 mm, d « 5-4mm and bfa = 0-17 



Q-factor of the TM 0)i mode which determines the bandwidth 
of the antenna is strongly influenced by the resonator param- 
eters [4]. 

Conclusions: A dielectric resonator antenna designed to 
radiate like an electric monopole is reported. Initial results 
show that the proposed configuration is quite promising for 
constructing small and compact electric monopole' antennas. 
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The DR was mounted on a square metallic plane of size 
15 x 15cm 2 . The size of the ground plane is ^3i<, x 3a 0 
where X 0 denotes the wavelength in free space at the centre 
frequency of the antenna. Because the length of the ground 
plane is relatively small, it is expected that the radiation 
pattern of the antenna will be affected by the edges of the 
ground plane [5]. The measured radiation pattern of the 
antenna in the E-plane passing through the axis of the reson- 
ator is shown in Fig. 3. Although the pattern as shown in Fig. 
3 deviates from that of an ideal electric monopole, it is nearly 
identical to that of a wire electric monopole placed above a 
finite ground plane of approximately the same size (in terms of 
wavelengths) [5]. In the H-plane, the measured pattern was 
found to be nearly circularly symmetric, like that of an ideal 
monopole. 

For the chosen resonator parameters, the height of the 
antenna is approximately Ag/10. It may be remarked that the 
height of the antenna can be further reduced by choosing a 
lower aspect ratio {d/2a) of the resonator. Also, the bandwidth 
of the antenna can be further increased by choosing a lower 
value of e r or a larger value of bfa. It is known that the 




Fig. 3 Measured elevation plane pattern in upper-half plane of antenna 
shown in Fig. la 

*, - 36-2, la - 11 -95 mm, d * 5-4 mm and b/a - <M7 



WAVE GUIDANCE AND RADIATION FROM 
A HOLLOW TUBE FORMED FROM 
FREQUENCY-SELECTIVE SURFACES 

A. J. Robinson, J. C. Vardaxoglou and R. D. Seager 

Indexing terms : Frequency-selective surfaces. Waveguides 

A hollow tube (rectangular cross-section) employing a fre- 
quency selective surface of conducting elements has been 
constructed and tested as a waveguiding structure. The mea- 
sured results presented include the frequency response of the 
waveguide and radiation patterns observed at frequencies 
away from the guiding region. The important aspects of the 
results are discussed with reference to fast and slow wave 
structures. 



Introduction: Passive array inserts (such as finite frequency 
selective surfaces (FSSs)) representing parallel sheets inside 
standard waveguides have been shown to exhibit wave guid- 
ance over the frequency of resonance of the array [1]. Using 
the same principle, conical frequency selective horns have 
been constructed and assessed for multiband applications [2]. 
In this Letter we present the measured behaviour of a guiding 
structure based on a hollow tube formed entirely from a two- 
dimensional frequency-selective surface. The tube has rec- 
tangular cross-section as in standard rectangular waveguide 
and hence is termed a frequency-selective guide (FSC) as it 
has also been observed to exhibit guidance. The propagation 
in, as well as the radiation from, a prototype FSG of conduct- 
ing elements printed on a thin dielectric sheet is described. 

Construction of tube: The tube, whose cross-section is shown 
in Fig. 1, was formed by folding a sheet of FSS made by a 
photolithographic process. The FSS elements were copper 
concentric square loops printed on a dielectric substrate of 
thickness 0- 1 mm and dielectric constant 3*0. This relatively 
thick substrate was chosen in order to give the structure some 
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mechanical strength. The interior of the tube was supported 
by a former made of low density expanded polystyrene. 
Because it is not possible to arrange (with constant element 
size) an integer number of elements on each wall the proto- 
type was contracted with the centre line of one broad wall as 
a line of symmetry and the join in the surface required to 
make a tube was placed on the centre line of the opposing 
broad walL Rather than cut through elements to make a butt 
joint, the elements were left intact and the surface allowed to 
overlap slightly at the join. 




Fig. I Section of frequency selective guide 

A - 22 mm, B - 10mm, D - 5-5 mm, = 3*1 mm 

(width - 0-1 mm), L 0 = 5 2 mm (width - 0-3 mm) 

Frequency response results: Fig. 2 shows the measured S 2 , 
parameter for a 232 mm length of FSG. The structure was fed 
either end by post and dielectric co-ax to waveguide adaptors. 
It may be seen that the forward transmission exhibits a peak 
at 14-5 GHz. This corresponds closely with the predicted and 
measured FSS plane wave transmission minimum at 15 GHz 
for angles of incidence up to 45°. The maximum level of this 
forward transmission is 2*5 dB below that observed with stan- 
dard copper waveguide at this frequency. The loss is believed 
to be influenced by the non-coincidence of the frequencies of 
resonance of the broad and narrow wails due to the different 
incident field conditions on each wall type. 




Fig. 2 Insertion loss of waveguide 



A second transmission maximum occurs well below the FSS 
resonance at around 9 GHz. This peak appears to be a surface 
wave bounded to the walls, because it was considerably 
reduced by placing absorbing material around the exterior of 
the FSG. This is in contrast to the energy in the upper guiding 
band which appears to be contained within the guide, 
resulting in a fast wave structure. Between the two guiding 
bands a null in the forward transmission is observed. S n 
measurements on the structure did not reveal a peak in this 
frequency region. It is therefore inferred that, discarding minor 
resistive losses, the wave is being leaked in the form of a 
radiation field. This is discussed in the following Section. 



Radiation from FSG' structure: For the radiation pattern mea- 
surements the FSG was fed at one end by a co-ax to wave- 
guide adaptor and the other end of the structure was matched 
to a load. Radiation patterns were taken in the 
-70 £ 0 £ 80° range, centred on broadside for frequencies of 
11-22 GHz in 1 GHz steps. The negative angle is taken 
towards the feed end with the receive probe 114 m from the 
FSG, having the E field parallel to y. It was found that the 
strongest radiation was measured from the side wall, shown in 
Fig. 3 for several frequencies. Amplitude is relative to that of a 
conventional pyramidal horn with a specified gain of 20dBi. 
The pattern values were below — 22 dB in the negative region, 
— 70 ^ 9 ^ 0°. The maximum beam amplitude occurs at a 
frequency of 12 GHz, which corresponds to a frequency slight- 
ly above the null in the FSG forward transmission response, 
confirming that power loss here is indeed due to a radiated 
field. As the frequency is varied away from this value the beam 
amplitude and direction varies resulting in a frequency scan 
operation. Similar effects, but with a 10 dB reduction in the 
levels, have been observed from the top wall of the FSG. 




— e— II GHz 
- 12GHz 
— 13GHz 
— ▼ - 16 GHz 



The radiation angle from the leaky-wave structure is usually 
based on calculation of the transverse waven umber which is 
approximately found by assuming that the waven umber along 
the axis of the structure is very close to that in the closed 
guide on which the structure is based [3]. Unfortunately this 
approach breaks down when the apertures in the walls are 
large and numerous because the axial waven umber is then not 
known. This is the case with the FSG. With regards to small 
perturbations from closed guides, the radiation angle turns 
out to be (of structures based on rectangular waveguides) the 
same as the angle of propagation of the two internal plane 
waves, which may be used to represent the dominant mode. In 
our FSG the radiated angle is closer to broadside at low 
frequencies, with the discrepancy becoming smaller as the FSS 
resonance is reached. According to the transverse resonance 
method at lower frequencies the FSG appears to have smaller 
transverse dimensions than at higher frequencies, with the 
apparent dimensions being the same as the physical dimen- 
sions near the FSS resonance. Hence at lower frequencies the 
guide appears smaller and the wave angle approaches the 
cutoff (broadside) angle more quickly than in standard guide, 
accounting for the radiation being closer to broadside. 

The radiation from the FSG may also be considered to be 
to a slow wave, similar to that of a dielectric guided loaded 
with conducting strips. The surface can be generally treated as 
an artificial dielectric, see for example [3, 4], With the element 
spacing less than a quarter of the operating wavelength, the 
measured beam swing of the FSG corresponds to that of a 
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dielectric guide with relative permittivity of near 30 which 
decreases as the frequency increases. 

Conclusions: Strong waveguiding has been demonstrated in a 
hollow guide made entirely of a frequency selective surface. 
The structure appears to behave as a leaky-wave structure 
below the guiding region, and at still lower frequencies sup- 
ports a wave bound to the structure which contributes to 
forward guiding. The actual angle of the radiation is related to 
the angle of propagation of the internal plane waves in a 
hollow guide. The FSG may also be considered as behaving 
like an artificial dielectric, whose beam angle can be identified 
with that expected from a strip loaded dielectric guide. 

The forward transmission maximum has associated loss due 
to non-coincidence of the frequencies of resonance of the 
broad and narrow walls due to the different local field condi- 
tions on each wall. Work is continuing in an attempt to mini- 
mise this forward transmission loss and optimise the leakage. 
A theoretical study based on a vector Floquet mode field 
expansion as well as a finite array analysis [5], has been initi- 
ated to gain further understanding of the guided and radiated 
fields of the frequency selective guide. 

<Q IEE 1993 23rd June 1993 
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EFFECTS OF SLOW FADING ON THE 
PERFORMANCE OF A CDMA SYSTEM 

S. Ariyavisitakul 



Indexing terms: Fading, Code division, Multiple access. 
Mobile radio systems 

The Letter investigates the issue of uncorrected multipath 
fading on uplink and downlink radio channels which impact* 
the handoft decision quality of slowry moving users in a 
CDMA system. Simulation results indicate a resulting capac- 
ity reduction by as much as 30% when all the users experi- 
ence quasistationary, single-path Rayleigh fading. This work 
is targeted toward understanding the traffic capacity and 
deployment implications to local exchange networks of wire- 
less technology alternatives that could provide access to 
those networks. 



Introduction: Direct -sequence -code -division multiple access 
(CDMA) techniques have received extensive attention as an 
alternative digital wireless technology option for mobile and 
personal communications [t, 2]. Previous capacity analyses of 
a proposed CDMA approach [2-4] have been based on an 
ideal handoff model where each user is assumed to communi- 
cate with, and thus be power-controlled by, a base station 
with the largest path gain. The measured path gain is assumed 
to be determined by distance-dependent path loss and log- 



normal shadowing. Any measurement error or delay in setting 
up a new communication path in the fixed wireline network 
will eventually affect the radio link quality of each user. In 
reality, handoff decisions are made by individual users based 
on downlink measurements of pilot signal power. This Letter 
focuses on the impact of slowly moving users (e.g. 
pedestrians); for these users, it is difficult to separate slow 
multipath (Rayleigh) fading from other factors affecting the 
measured signal variations. The base station chosen by each 
user based on downlink measurements that include the short- 
term fading process may not exhibit the maximum path gain 
on the uplink, because multipath fading on the uplink and 
downlink is uncorrelated. As a result, these users must trans- 
mit at a higher average signal power level, thereby causing an 
increased amount of uplink interference to all other users, 
relative to ideal handoff assumed in earlier studies. To study 
the impact of slowly moving users, we consider a system con- 
sisting of quasistationary users only. We simulated the uplink 
performance of such a system assuming undelayed handoffs 
and perfect power control based on signal-to-interference 
ratio (SIR) [3]. This work is targeted toward understanding 
the traffic capacity and deployment implications to local 
exchange networks of wireless technology alternatives that 
could provide access to those networks. 



System model: Simulations were performed based on the fol- 
lowing assumptions: 

(i) The system includes a square grid of base stations with 
ommdirectional antennas. Users are randomly located in the 
system with a uniform density of N„ users per base station and 
are assumed to transmit at a constant information rate 
without the use of voice activity [2]. 

(ii) The distance-dependent path loss obeys a fourth power 
law. Log-normal shadowing with a standard deviation of 
10 dB is assumed for pedestrian environments [5]. 

(iii) Two-branch antenna diversity is assumed on the uplink. 
The downlink uses only a single antenna because the use of 
additional RF, IF, and demodulation circuits at the user's 
radio unit is considered to be impractical 

(iv) The number of equal-average-strength Rayleigh fading 
paths resolvable (but not necessarily captured) by the receiver, 
denoted by K pt is varied as a parameter. Independent Ray- 
leigh fading samples are assigned to individual resolved paths 
on the uplink and downlink, assuming the same total number 
of resolved paths on each link. These are superimposed on the 
large-scale path loss and shadow fading which, however, are 
perfectly correlated on uplinks and downlinks. The effect of 
uncaptured energy [6] is also investigated. 

(v) SIR-based uplink power control with a normalised 
maximum power limit A = OdB is assumed (see Reference 3 
for details). Because a quasistationary situation is assumed, 
power control can track all the short-term SIR variations due 
to multipath fading. 

(vi) The use of soft handoff [3, 4] between two base stations 
with a threshold of 6 dB is assumed. 



Simulation results: Our performance study is based on 99% 
required system reliability, i.e. the system capacity is deter- 
mined by the maximum allowable user density N w that 
permits 

o73T w% - SIR K (i) 

where SIR 99r is the achieved local-mean SIR at the 99th 
percentile and SIR K is the required local-mean SIR to achieve 
the desired performance for each radio link. Following Refer- 
ence 3, we focus on characterising the performance measure n 
defined as 



L/N m 



(2) 
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